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Abstract 
We present force-displacement data simulated with molecular dynamics of quasi-static displacement controlled pull-out tests of 
single-walled carbon nanotubes (CNT) embedded in palladium. With our simulations we focus on the mechanical interface 
behavior at the atomic scale which is of importance for thermo-mechanical reliability predictions and failure-mechanistic 
treatment of future CNT devices. In general, an incommensurate interface structure can be predicted, when a chiral CNT is in 
contact with a noble metal like palladium. This originates in lattices with different basis and periodicities as well as a strong 
metal interaction, a strong carbon interaction and a weak metal carbon interaction, which in this paper is assumed to be of van der 
Waals type. We report on an interface fracture with a complete detachment of CNT and palladium. The pull-out forces we 
calculated are in the nano Newton range for models with CNTs embedded 5 to 10 nm and increase when the CNT has intrinsic 
defects or functional groups are attached. Furthermore, for ideal cases the pull-out behavior is independent of the embedding 
length and although bond breaking and forming occurs, there is no associated energy dissipation. Due to the incommensurate 
interface some atoms assist while others resist the pull-out displacement. In effect the pull-out force is then a restoring force, 
which is fed by the surface potential energy that is lowered when the CNT shares maximum contact area with the palladium. In 
contrast, defects in the CNT like kinks or functional groups alter this behavior and then energy dissipation becomes a pronounced 
effect due to sudden changes of unstable atomic configurations. 
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1. Introduction 
Single-walled carbon nanotubes (CNTs) (Ijima (1991)) should be used in future mechanical sensor devices as an 
electrical sensing material due to their very high piezoresistive gauge factor of up to 1000 (e.g. Hierold et al. (2007)). 
In such a mechanical sensor CNTs are electrically and mechanically supported by a metal electrode (e.g. Muoth et 
al. (2010)). As an electrode material palladium is of special interest, because it shows good electrical contact 
properties (e.g. Nemec et al. (2006)). However, there is still a certain lack of knowledge of the behavior of CNT-
metal interfaces exposed to mechanical loads and influencing parameters.  
In general, the interface between CNTs and typical noble metals like palladium is expected to be of weak van der 
Waals type (Banhart (2009)). To predict the mechanical behavior of CNT-metal interfaces and to propose rules for 
designing CNT devices, knowledge about the mechanical interface characteristics has to be generated. Additionally, 
with respect to the thermo-mechanical reliability of the envisioned CNT devices and their failure-mechanistic 
treatment, it is crucial to understand the fundamental effects of the mechanically loaded CNT-metal interface at the 
atomic scale. A mandatory information is the maximum pull-out force and its influencing parameters. 
In this paper we present our recent progress of simulating the pull-out test of a single-walled CNT embedded in a 
palladium matrix by means of molecular dynamics. In particular we focus on the influence of defects and functional 
groups on pull-out forces and corresponding potential energies. We chose a CNT of type (6,3), because of its semi-
metallic behavior and therefore high piezoresistive gauge factor. Since the alcohol group (OH-group) can be 
unintentionally or intentionally attached to the CNT during processing, we chose it as a functional group for our 
investigations. 
2. Simulation setups 
We employed classical molecular dynamics (e.g. Gibson et al. (1960)) to simulate the pull-out test and to 
calculate the force-displacement relations. All involved atoms are considered as discrete particles. We used the 
LAMMPS code (Plimpton (1995)) with velocity Verlet algorithm to numerically solve the Newton´s equations of 
motion for the many particle problem. The forces between particles are derived by their interatomic potential 
energies. The interaction of carbon atoms was modeled by the Adaptive Intermolecular Reactive Empirical Bond 
Order Potential (Stuart et al. (2000)). The EAM-potential type (Foiles et al. (1986)) was chosen to model the 
interaction between palladium atoms. We used quadratic bond and quadratic angle interactions for carbon, oxygen 
and hydrogen atoms to model bonded interactions of atoms related to one OH-group. We assumed van der Waals 
interactions between atoms of the CNT and surrounding palladium atoms. This is justified, since noble metals like 
palladium are not expected to form any covalent bonding with the above mentioned elements. The non-bonded van 
der Waals interactions between atoms of the CNT (with or without OH-groups) and palladium atoms are 
approximated by the Lennard Jones (LJ) potential. All used parameters for the quadratic bond, quadratic angle and 
the non-bonded interactions were taken from BioSym force fields (Biosym (1990)) and are listed in Table 1. We set 
up the simulation geometry for the ideal models (Fig. 1) by positioning an uncapped single-walled (6,3) CNT inside 
a palladium lattice with a well-defined cylindrical hole along the <100> direction with respect to the coordinate  
Table 1.Interaction models and model coefficients for the elements belonging to a OH-group and palladium.                                     
E is the interaction energy between two atoms at the separation distance r. 
Interaction model/Element pairings Model coefficients  
E = K * (r - r0)2 K [eV] r0 [Å]  
C-O 16.6656 1.37  
O-H 23.4635 0.96  
E = K * ( θ – θ0)2 K [eV] θ0 [°]  
C-O-H 2.170 109  
C-C-O 2.604 120  
E = A/r12 - B/r6 A [eV* Å 12] B[eV* Å 6] Cut off distance [Å] 
Pd-C 120139.41 158.6430 20 
Pd-O 36424.707 97.31826 20 
Pd-H 0.0069727 0 20 
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system of the face centered cubic cell of the palladium lattice (embedding A). The hole diameter for the (6,3) CNT 
is 11.2 Å and has been evaluated in advance by calculating the interfacial system energy and finding its minimum as 
a function of the hole diameter. We set the embedding length to 50 Å and 100 Å. The length of the CNTs has been 
adjusted to fit into the hole with a protrusion of more than 20 Å extending the cut off distance for the LJ interaction 
between carbon and palladium atoms. Positions of carbon atoms were software generated with an open source code 
by Veiga and Tomanek (2007). Palladium blocks were of size 10x10x25 lattice units for short CNTs and of 
10x10x36 lattice units for long CNTs, which is enough to neglect box size effects on the results. Periodic boundary 
conditions were applied perpendicular to the pull-out direction. A vacuum slab is considered for the surface.  
In the second model we incorporated a 5-7 defect into the uncapped (6,3) CNT. In effect the (6,3) CNT then 
features a kink and a change in diameter. We altered the embedding procedure to approximate a disordered interface 
(embedding B). The defective CNT has been placed into the metal crystal to the desired embedding length. Then 
within a sphere with a deletion radius around every carbon atom all palladium atoms have been deleted. Residual 
palladium atoms inside the CNT have been deleted, too. We chose a deletion radius of 2.5 Å and of 1.5 Å to have a 
lower and higher value with respect to the mean distance between the CNT and the palladium of ideal models 
(2.2 Å). Additionally, the smaller deletion radius leads to a interface with internal stresses. The part of the CNT with 
the bigger diameter is embedded deeper into the palladium, so it has to pass the region where the palladium hole has 
a smaller diameter. 
In the third model we attached two and four OH-groups to an uncapped (6,3) CNT. We applied embedding type 
B and extended the deletion procedure to the hydrogen and oxygen atoms. Here we used a deletion radius of 2.5 Å.  
After a static relaxation procedure each model configuration has been equilibrated for 50 ps under constant 
particle number, pressure and temperature conditions to vanishing system pressure and 1 K. The time step has been 
set to 1 fs and we did not observe any changes in our results when decreasing the time step. Thereafter we 
equilibrated again the system for 50 ps under constant particle number, volume and temperature conditions 
(canonical ensemble, NVT). Here the Berendsen thermostat (Berendsen et al. (1984)) has been used to keep the 
temperature at 1 K. 
After this preparation the pull-out procedure consists of repeated displacement steps (0.2 Å) of carbon atoms at 
the outer tip of the CNT and subsequent equilibration periods of 50 ps. During the equilibration atoms at the outer 
tip of the CNT have been fixed to the current displacement. Four atomic layers of palladium atoms on the bottom of 
the metal block were constrained during the whole pull-out simulation. All residual palladium and carbon atoms 
between those restrained ends of the model were allowed to rearrange in compliance to the applied load. In the last 
10 ps of each equilibration procedure we averaged the sum of force components of the set of constrained atoms at 
the outer tip of the CNT over time. 
3. Results and discussion 
All resulting force-displacement relations are shown in Fig.1 and Fig. 2. Maximum pull-out forces at 1 K vary 
between 7.7 nN for ideal (6,3) CNTs to 11.9 nN for CNTs with four OH-groups. The forces of the ideal systems 
have a linear, an oscillating and a breakdown regime. The linear regime ends in the maximum pull-out force and 
upon this follows a continuous oscillation of the force with increasing pull-out displacement. Here the period of the 
oscillation fits the lattice constant of the palladium crystal (3.89 Å). The amplitude and offset of the force oscillation 
does not change over a wide range of increasing displacement until the force drops to zero. 
Comparing the two embedding lengths we find no dependence of the maximum pull-out force on the total 
embedding length. When checking the trajectories of the simulations with ideal configurations, we did not observe 
any irreversible lattice site changes in the palladium or bond rupture in the CNT. In fact, the deformation of the 
system is a sliding of the CNT inside the palladium hole. We explain this sliding deformation mechanism with the 
comparably weak interaction between carbon and palladium as well as with the mismatch of the CNT and palladium 
lattices entailing an incommensurate interface (Bak (1982)). This incommensurability results in a nearly constant 
potential interface energy between the CNT and the palladium, except at the boundaries of the interface. In effect 
some carbon atoms assist, while others resist the pull-out with the consequence of a constant force offset behavior 
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that is independent of embedding length. The restoring force acting upon the CNT can be explained by the 
interaction of carbon and metal atoms at the boundaries of the interface and is fed by the surface energy. 
The force-displacement curves for the models, where the CNT possesses a 5-7 defect exhibit a different behavior. 
  
Fig. 1. (a) Representative geometry of the pull-out test simulation setup using the example of the ideal case. Shown is the cross section of a (6,3) 
CNT embedded in a single crystal palladium block with <100>  orientation; (b) simulated force-displacement relations for ideal (6,3) CNTs and 
(6,3) CNTs with one 5-7 defect and varying deletion radius. If not stated otherwise the embedding length has been set to 50 Å. 
   
Fig. 2. (a) Simulated force displacement relations for ideal (6,3) CNTs and (6,3) CNTs with two and four OH-groups. Arrows indicate sudden 
force drops; (b) simulated change of system potential energy as a function of simulation time steps for the investigated model configurations. 
Arrows indicate energy releases; c) shows the change in potential energy for the (6,3) CNT in the starting region in b) (red circle). The marked 
release in potential energy in c) correlates with the first force drop in (a) for the CNT with four OH-groups (first red arrow). If not stated 
otherwise the embedding procedure B and a deletion radius of 2.5 Å has been used. 
The maximum pull-out force is higher than for the ideal models and increases with decreasing deletion radius. For 
the smaller deletion radius of 1.5 Å we can assume a much higher compression of the CNT and additionally the kink 
in the CNT has to overcome closer palladium atoms inside the interface. There is no longer a well-defined force 
oscillation, but a riffling without constant amplitude and period. However the offset still remains constant. We do 
find significant force drops for the model with the smaller deletion radius indicating energy releases. 
Models with CNTs with attached OH-groups have even higher maximum pull-out forces. The number of 
functional groups has a positive influence on the maximum pull-out force. As a reference we took an ideal CNT and 
applied the same embedding procedure B. Already for this case we can observe a 2.1 nN higher maximum pull-out 
force. This is even higher than for models with 5-7 defect and can be explained with additional palladium atoms at 
the bottom of the hole intruding the uncapped inner tip of the CNT. However, even higher maximum pull-out forces 
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due to OH-groups can be explained with an interlocking mechanism. These OH-groups act like small spikes and are 
simultaneously loaded upon the pull-out. To drag the CNT out of the hole the OH-groups have to overcome 
significant repulsive interactions with palladium atoms to reach new favorable energy configurations. Thereby we 
found between two equilibration steps mutual site changes of one palladium atom and one OH-group. Again we find 
no well-defined force oscillation, but a constant amplitude force offset until loading displacements of 45 Å with a 
significant noise. For both data curves with OH-groups we can also discover discontinuous force drops. Like for the 
ideal systems the systems with defects and functional groups showed the same failure mode, i.e. interface fracture 
and the failure mechanism is a sliding detachment.  
Within the framework of fracture mechanics the pull-out of the CNT out of the palladium matrix is a separation 
of a solid nano scale object (CNT) from a surrounding matrix (metal). Thereby new surface area is created inside 
and outside the material. The inner surface can be interpreted as an inner imperfection or defect, hence a crack, with 
respect to the initial system configuration prior to the pull-out. This defect starts to form, when the inner CNT tip 
detaches from the metal, then it increases in pull-out direction. The displacement controlled simulation setup leads 
to a stable growth of this defect. However, the force does not decrease with increasing defect length as it is observed 
in typical displacement controlled fracture experiments. Since the force for ideal systems shows an oscillating 
dependence on the embedding length after the linear regime has been accomplished we can conclude a periodically 
changing system stiffness with a zero offset. We emphasize that this oscillation is not a stick-slip phenomenon, 
because a continuous movement occurs.  
In our models, the creation of new surface area does not result in the release of potential energy, moreover 
potential energy is stored in surface energy and therefore the defect growth is a conservative process, in particular 
for the ideal models. This main feature of our simulations is in line with the Griffith theory of rupture in solids, 
where the work to increase crack length appears as potential surface energy (Griffith (1921)). In our models this 
work must be done against the adhesive forces between atoms of the CNT and palladium atoms. For all ideal 
systems the consequence is a strictly reversible process until the inner tip of the CNT has reached the opening of the 
hole. Here we observe force drops in any modelling case, because the CNT bends towards the surrounding surface 
to share maximum contact area with the palladium. When the CNT is released from the controlled displacement 
prior to this point where it bends, then we observe a pull-in. We do not have to put new work into the system and 
hence we do not find a change of the sign of the force for the pull-in process.   
 In Fig. 2 we show changes in potential energies as a function of simulation steps for all simulations. Despite 
energy releases at the end of the energy evolutions due to the above mentioned bending of the CNT, we can clearly 
distinguish two general characteristics. Curves for all ideal CNTs, for the CNT with 5-7 defect and a deletion radius 
of 2.5 Å as well as the CNT with 2 OH-groups show continuously increasing potential energy with continuously 
varying gradient correlating with the discussed behavior of pull-out forces. Curves for the CNT with 5-7 defect and 
a deletion radius of 1.5 Å as well as the CNT with 4 OH-groups exhibit significant potential energy releases which 
correlate with the mentioned forces drops visible in the associated force-displacement relations. For the case with 
four OH-groups the force drop after the first maximum is accompanied by an irreversible release in potential energy 
(see Fig. 2c). These energy releases follow upon unstable atomic configurations caused by an enhanced stiffness in 
the interaction between the CNT and the palladium. The released potential energy dissipates as kinetic energy 
leading to stronger atomic vibrations. These vibrations are damped by the thermostat.  
According to atomistic friction models by Prandtl-Tomlinson (Prandtl (1928)) and Frenkel-Kontorova (Braun 
(2004)) it can be asserted that for the conservative process the system is in its global energy equilibrium with 
equilibrations inside the global energy well for the complete pull-out. Whereas for the dissipative processes the 
system changes from a local to a global equilibrium during one equilibration, when there is a release in potential 
energy. For example, the Prandtl-Tomlinson model describes one single atom connected with a harmonic spring to a 
rigid body and exposed to a fixed periodic potential. It can be shown that upon movement of the rigid body (dry 
sliding friction) energy dissipation occurs when the ratio of the stiffness of the periodic potential to the spring 
stiffness reaches a critical value. For small ratios the system is never in an unstable state and the system changes 
continuously its energy. For high ratios, when the interface stiffness is comparably higher than the spring stiffness, 
the atom is pinned by the periodic potential until the potential energy of the spring outreaches the periodic potential 
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energy. Then the system is in an unstable state and releases potential energy by passing from a local to a global 
energy minimum. The atom moves in an abrupt stick-slip behavior. Thereby the released energy is dissipated into 
vibrations of the atom. Although the Frenkel-Kontorova model describes a linear chain of atoms exposed to a 
periodic potential, the same general conclusions have been reported: dissipation of energy is connected to unstable 
configurations leading to a discontinuous rearrangement of atoms (stick-slip) (McClelland (1989)). In fact, we find 
with our models, that energy dissipation for weak interacting solids in dry sliding can be triggered by enhancing the 
contact stiffness through defects and functional side groups.  
4. Conclusion  
By means of molecular dynamics we simulated the pull-out test of a (6,3) CNT embedded in a palladium matrix. 
Our objective was to study the influence of one 5-7 defect in the CNT and OH-groups on the mechanical interface 
behavior. Therefore we compared force-displacement relations and system potential energies during the pull-out.  
As a failure mode we find an interface fracture of the CNT (with or without defects and OH-groups) from the 
palladium matrix. As the failure mechanism we conclude a sliding detachment. Maximum pull-out forces reach 
from 7.7 nN for ideal (6,3) CNTs to 11.9 nN for CNTs with four OH-groups. The pull-out is a conservative process, 
unless the CNT with one 5-7 defect is very tightly clamped inside the palladium matrix or at least four OH-groups 
are attached to the CNT. Then significant releases in the potential energy can be observed. These potential energy 
releases are not caused by the creation of new surfaces, as discussed in the theory of linear elastic fracture 
mechanics. In fact, we argue that unstable atomic configurations which are driven by the interface stiffness do result 
in the dissipation of energy that is entirely manifested as atomic vibrations.  
Future studies will involve models, where functional groups and defects are combined. Also the effect of longer 
functional groups (e.g. carboxyl groups), third party molecules (surfactants and water) in the interface and 
temperature on the maximum pull-out forces are of interest. For sensor applications the ultimate objective is to find 
a processable interface configuration, in which the failure mode is not an interface fracture, but a failure of the metal 
or the CNT itself to secure firm anchoring of the CNT in the metal. 
Acknowledgements 
This work has been founded by the VolkswagenStiftung within the project "Integration of dielectrophoretic 
deposited carbon nanotubes and their reliability in mechanical sensor systems" (I/85 086). All MD simulations have 
been performed on the ChemnitzerHochleistungs-Linux-Cluster (CHiC). 
References 
Bak, P., 1982. Commensurate phases, incommensurate phases and the devil's staircase. Reports on Progress in Physics 45, 587-629. 
Banhart, F., 2009. Interactions between metals and carbon nanotubes: at the interface between old and new materials. Nanoscale 1, 201-213. 
Berendsen, H.J.C., Postma, J.P.M., van Gunsteren, W.F., DiNola, A., Haak, J.R., 1984. Molecular dynamics with coupling to an external bath. 
Journal of Chemical Physics 81, 3684-3690. 
Braun, O.M., 2004. The Frenkel-Kontorova model: concepts, methods and applications. Springer. 
Biosym Technologies Inc.: CVFF forcefield file in new format, converted from original format file shipped with Discover 2.6.0 / InsightII 1.1.0 / 
Insight 2.6, Sept. 1990. 
Foiles S.M., Baskes M.I., Daw M.S., 1986. Embedded-atom-method functions for the fcc metals Cu, Ag, Au, Ni, Pd, Pt, and their alloys. Physical 
Review B 33, 7983-7991. 
Gibson J.B., Goland A.N., Milgram M., Vineyard G.H., 1960. Dynamics of radiation damage. Physical Review 120, 1229-1253. 
Griffith, A.A., 1921. The Phenomena of Rupture and Flow in Solids. Philosophical Transactions of the Royal Society of London, A 221, 163-198. 
Hierold, C., Jungen, A., Stampfer, C., Helbling, T., 2007. Nano electromechanical sensors based on carbon nanotubes. Sensors and Actuators A 
136, 51-61. 
Iijima, S., 1991. Helical microtubules of graphitic carbon. Nature 354, 56-58. 
McClelland, G.M., 1989. Friction at Weakly Interacting Interfaces. Springer Series in Surface Sciences 17, 1-16. 
Muoth, M., Helbling, T., Durrer, L., Lee, S.-W., Roman, C., Hierold, C., 2010. Hysteresis-free operation of suspended carbon nanotube 
transistors. Nature Nanotechnology 5, 589-592. 
Nemec, N., Tomanek, D., Cuniberti, G., 2006. Contact Dependence of Carrier Injection in Carbon Nanotubes: An Ab Initio Study. Physical 
Review Letters 96, 076802. 
460   Steffen Hartmann et al. /  Procedia Materials Science  3 ( 2014 )  454 – 460 
 
Plimpton, S., 1995. Fast Parallel Algorithms for Short-Range Molecular Dynamics. Journal of Computational Physics 117, 1-19. 
Prandtl, L., 1995. Ein Gedankenmodell zur kinetischen Theorie der festen Korper. Zeitschrift für Angewandte Mathematik und Mechanik 8, 85-
106. 
Stuart S.J., Tutein A.B., Harrison J.A., 2000. A reactive potential for hydrocarbons with intermolecular interactions. Journal of Chemical Physics 
112, 6472-6486. 
Veiga R.G.A., Tománek D., 2007. TubeVBS. 
